We analyze the impact of recent solar and atmospheric data in the determination of the neutrino oscillation parameters, taking into account that both the solar νe and the atmospheric νµ may convert to a mixture of active and sterile neutrinos. Furthermore, in the context of the atmospheric neutrino problem we discuss an extended mechanism of neutrino propagation which combines both oscillations and non-standard neutrino-matter interactions. We use the most recent neutrino data, including the 1496-day Super-K solar and atmospheric data samples, the latest SNO spectral and day/night solar data, and the final MACRO atmospheric results. We confirm the clear preference of all the data for pure-active oscillation solutions, bounding the fraction of sterile neutrino involved in oscillations to be less than 52% in the solar sector and less than 40% in the atmospheric sector, at 3σ. For the atmospheric case we also derive a bound on the total amount of non-standard neutrino-matter interactions, bounding the flavor-changing component to −0.03 ≤ ε ≤ 0.02 and the non-universal component to |ε ′ | ≤ 0.05.
Introduction
The experimental data on atmospheric neutrinos [1, 2] show, in the muon-type events, a clear deficit which cannot be accounted for without invoking non-standard neutrino physics. In addition to this, the recent results from the Sudbury Neutrino Observatory (SNO) on neutral current (NC) events [3] have added more weight to the already robust evidence that an extension of the Standard Model of particle physics is necessary in the leptonic sector. Altogether, the most popular explanation of both the solar and the atmospheric neutrino problem is provided by the neutrino oscillation hypothesis. However, many alternative attempts to account for neutrino anomalies without oscillations have recently been proposed [4] . While the results of solar neutrino experiments still admit very good alternative explanations [5] , the atmospheric neutrino anomaly is so well reproduced by the ν µ → ν τ oscillation hypothesis [1, 6] that one can use the robustness of this interpretation to place stringent limits on a number of alternative mechanisms [7] .
In the present work we present an updated analysis of the solar and atmospheric neutrino data, first in the context of the standard oscillation hypothesis (Secs. 2 and 3), and then assuming that neutrino posses also non-standard interactions with matter (Sec. 4). Motivated by the stringent limits from reactor experiments [8] , we adopt an effective two-neutrino approach in which solar and atmospheric analyses decouple. However, in the pure-oscillation case presented in Secs. 2 and 3 our effective two-neutrino oscillation approach is generalized in the sense that it takes into account that a light sterile neutrino, advocated to account for the LSND anomaly [9] , may participate in the conversion process [10] . The natural setting for such a light sterile neutrino is provided by four-neutrino models. In this paper we will determine the constraints on the oscillation parameters in this generalized scenario following from solar and atmospheric data separately, addressing the reader to our recent papers in Refs. [11, 12] for a mass-scheme-dependent combined analysis of all current oscillation data.
Solar neutrino oscillations
In the following we analyze solar neutrino data in the general framework of mixed active-sterile neutrino oscillations. In this case the electron neutrino produced in the sun converts into a combination of an active non-electron neutrino ν a (which again is a combination of ν µ and ν τ ) and 
The parameter η s with 0 ≤ η s ≤ 1 describes the fraction of the sterile neutrino participating in the solar oscillations. Therefore, the oscillation probabilities depend on the three parameters ∆m 2 sol , θ sol and η s .
As experimental data, we use the solar neutrino rates of the chlorine experiment Homestake [13] , the most recent result of the gallium experiments SAGE [14] and GALLEX/GNO [15] , as well as the 1496-days Super-Kamiokande data sample [16] in the form of 44 bins and the latest results from SNO presented in Ref. [3] , in the form of 34 data bins. Therefore, we have a total of 3 + 44 + 34 = 81 observables, which we fit in terms of the three parameters ∆m 2 sol , θ sol and η s . Further details about our statistical analysis can be found in [10] .
We have performed a global fit of solar neutrino data, whose results are summarized in Tab • is now ruled out, and that the upper bound on ∆m 2 sol is rather solid even without the inclusion of reactor experiments [8] .
From Tab. 1 we notice the strong discrimination against non-LMA solutions implied by the present data: in the pure-active case we find This shows that the first hints in favor of a globally preferred LMA oscillation solution, which followed mainly from the flatness of the Super-K spectra, have now become a robust result, thanks to the additional data to which SNO has contributed significantly. Note that especially SMA and Just-So 2 are highly disfavored with respect to LMA.
The inclusion of a sterile neutrino participating in the oscillation process is strongly disfavored by the solar data. From the right panel of Fig. 1 we first see how the preferred LMA solution survives in the presence of a small sterile component characterized by η s . However, increasing η s leads to a clear deterioration of all the oscillation solutions. Notice that there is a crossing between the LMA and VAC solutions, as a result of which the best pure-sterile description lies in the vacuum regime. However, in the global analysis sterile oscillations with η s = 1 are highly disfavored. We find a χ 2 -difference between pure-active and pure-sterile of 32.9 in the LMA region, which decreases to 22.9 if we allow also for VAC. This means that puresterile oscillations are ruled out at 4.8σ compared to the active case.
In summary, we have found that, as long as the admixture of sterile neutrinos is acceptably small, the LMA is always the best of the oscillation solutions, establishing its robustness also in our generalized oscillation scheme.
Atmospheric neutrino oscillations
In our analysis of atmospheric data we make use of the hierarchy ∆m the solar mass splitting [6] . Further, in order to comply with the strong constraints from reactor experiments [8] we completely decouple the electron neutrino from atmospheric oscillations [17] . In the following we consider a generalized oscillation scheme in which a light sterile neutrino takes part in the oscillations [10] . Such a scenario requires two more parameters in addition to θ atm and ∆m 2 atm . We use the parameters d µ and d s already introduced in Ref. [11] , and defined in such a way that (1 − d µ ) and (1 − d s ) correspond to the fractions of ν µ and ν s participating in oscillations with ∆m 2 atm , respectively. Hence, pure-active atmospheric oscillations are recovered in the limit d µ = 0 and d s = 1.
In addition, we also present a "restricted" analysis in which the ν µ is completely constrained to the atmospheric mass states, so that d µ = 0. In this limit the parameter d s has a similar interpretation as η s introduced in the solar case, and ν µ oscillates into a linear combination of ν τ and ν s :
For the atmospheric data analysis we use all the charged-current data from the Super Kamiokande [1] and MACRO [2] experiments. The Super-Kamiokande data include the e-like and µ-like data samples of sub-and multi-GeV contained events (10 bins in zenith angle), as well as the stopping (5 angular bins) and throughgoing (10 angular bins) up-going muon data events. From MACRO we use the throughgoing muon sample divided in 10 angular bins [2] . Therefore, we have 65 observables, which we fit in terms of the four parameters ∆m 2 atm , θ atm , d µ and d s . Further details can be found in Ref. [10] .
The results of our analysis are summarized in Fig. 2 . In contrast to the solar case, the atmospheric χ 2 exhibits a beautiful quadratic behavior, reflecting the high quality of the fit and the robustness of the oscillation solution. The global best fit point occurs at sin 2 θ atm = 0.49, ∆m These limits on the sterile admixture are significantly stronger than obtained previously [11] , and play an important role in ruling out four-neutrino oscillation solutions in a combined global analysis of the LSND anomaly [12] .
Non-standard neutrino interactions
In this section we still focus on atmospheric data, but instead of adding a sterile neutrino we now consider the possibility that neutrinos are massive and moreover possess non-standard interactions with matter [7] . This may be regarded as generic in a large class of theoretical models. For definiteness, in the following we assume that nonstandard neutrino interactions occur only with the d-quark. Also, as in Sec. 3 we completely decouple ν e from atmospheric oscillations. In this case, the propagation of ν µ and ν τ inside the Earth is governed by the Hamiltonian:
where the sign + (−) holds for neutrinos (antineutrinos), N d (r) is the number density of the dquark along the path r of the neutrinos propagating in the Earth, and ε and ε ′ are phenomenological quantities describing flavor-changing and nonuniversal non-standard interactions, respectively. Therefore, as for the sterile neutrino case the transition mechanism depends on four independent parameters. Note that without loss of generality we can restrict the range of the oscillation parameters to 0 ≤ θ atm ≤ π/4 and ∆m 2 atm ≥ 0, provided that we consider both positive and negative values of the NSI parameters ε and ε ′ [7] . The details of our analysis are the same as in the previous section.
Our results are summarized in Fig. 3 . The global best fit point occurs at sin 2 (2θ atm ) = 1, ∆m 2 atm = 2.3 × 10 −3 eV 2 , ε = 6.7 × 10 −3 and ε ′ = ±1.1 × 10 −3 . As in the sterile neutrino case, a small component of NSI is preferred, however the effect is not statistically significant: the best pure oscillation solution ε = ε ′ = 0, which occurs at θ atm = 45
• and ∆m 2 atm = 2.5 × 10 −3 eV 2 , exhibits a χ 2 which is worse than the global one only by 2.4 units. Thus, the determination of the oscillation parameters ∆m 2 atm and θ atm is stable under the perturbation introduced by the additional NSI mechanism, as can be seen also comparing the "Free" and "Oscillations" lines in the first two panels of Fig. 3 . Moreover, the χ 2 function is quite flat in the ε ′ directions for ε ′ → 0, and almost symmetric under the exchange ε ′ → −ε ′ . On the other hand, the pure NSI solution ∆m 2 atm = 0 gives a very poor fit, and as already found in Ref. [7] it is completely ruled out. This occurs since the NSI mechanism is not able to reconcile the anomaly observed in the upgoing muon sample with that seen in the contained event sample. Therefore, when combining the two mechanisms of ν µ → ν τ transition, oscillations play the role of leading mechanism, while NSI's can only be present at a sub-dominant level.
From Fig. 3 we also derive the 3σ allowed ranges: 0.84 ≤ sin 2 (2θ atm ) ≤ 1 and 1.0 × 10 −3 eV 2 ≤ ∆m 2 atm ≤ 4.8 × 10 −3 eV 2 for the oscillation parameters, while for the NSI parameters we have −0.03 ≤ ε ≤ 0.02 and |ε ′ | ≤ 0.05. This is the main result of our analysis, since it provides limits to non-standard neutrino interactions which are truly model independent, being obtained from pure neutrino-physics processes. In particular they do not rely on any relation between neutrinos and charged lepton interactions. Therefore our bounds are totally complementary to what may be derived on the basis of conventional accelerator experiments [18] .
Conclusions
In this paper we have presented an updated analysis of solar and atmospheric data, both in the context of standard oscillation hypothesis (generalized to account also for a light sterile neutrino), and assuming that neutrino posses also non-standard interactions with matter.
We have found that both solar and atmospheric neutrino data are very well explained by the simplest hypothesis of oscillations into an active neutrino, and disfavor the inclusion of an extra sterile state. In fact, at the 3σ level the fraction of sterile neutrino involved in oscillations is limited to be less than 52% in the solar sector and less than 40% in the atmospheric sector. Furthermore, atmospheric data also constrain non-standard neutrino interactions with matter, which are bounded to −0.03 ≤ ε ≤ 0.02 for the flavor-changing component and |ε ′ | ≤ 0.05 for the non-universal component.
In all the considered cases the determination of the oscillation parameters ∆m 2 and θ is stable under the inclusion of exotic physics, such as an extra sterile neutrino or non-standard neutrinomatter interactions. This fact is an evidence in favor of the three-neutrino oscillation solution to the solar and atmospheric neutrino problems. In particular, for what concerns the atmospheric anomaly we conclude that a maximum mixing angle is a solid result, which must be incorporated into any acceptable particle physics model, even in the presence of exotic neutrino interactions.
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